Purpose: To quantify the two principal forms of hepatic storage iron, diffuse, soluble iron (primarily ferritin), and aggregated, insoluble iron (primarily hemosiderin) using a new MRI method in patients with transfusional iron overload.
IN PATIENTS WITH iron overload, the amount of iron in functional and transport pools changes only slightly (1) . Almost all of the excess is sequestered in storage forms, as diffuse, soluble, and rapidly mobilizable ferritin iron, and as aggregated, insoluble and slowly exchangeable hemosiderin iron. Ferritin iron is found in virtually all cells, providing both an accessible reserve of iron for synthesis of functional iron-containing compounds and a means of sequestering iron in a soluble, relatively nontoxic form within the cytosol (2) . The ferritin iron core is composed of the hydrous ferric oxide mineral ferrihydrite with the approximate formula 5Fe 2 O 3 Á9H 2 O (3). Recent evidence indicates that iron incorporation and release from ferritin are intrinsic, autonomous properties of the molecule, based on an equilibrium with the concentration of cytosolic low-molecular-weight iron (4) . Hemosiderin, formed within secondary lysosomes (siderosomes) from agglomeration of iron cores derived from denatured ferritin (5, 6) , seems to help protect against iron toxicity by storing excess iron away from the cytosol (7) . The scarce data available suggest that the amounts and distribution of these two forms of storage iron are influenced by the underlying disorder (such as hereditary hemochromatosis, thalassemia, sickle-cell disease, and other refractory anemias), by the duration and extent of iron loading, and by the type of therapy (phlebotomy, iron chelation) (8) (9) (10) . Information is limited, in part, because the sole established means of separately measuring ferritin and hemosiderin iron in tissue requires biochemical analysis of specimens obtained by biopsy. Clinically, only the total storage (ferritin plus hemosiderin) iron concentration of tissues is typically determined. Separate measurements of the two iron storage forms are rarely reported, in part because of the limited tissue samples obtained at biopsy. Progress in understanding the molecular mechanisms underlying iron overload (10) suggests that separate measurement of ferritin and hemosiderin iron would improve our understanding of the pathophysiology of iron-induced tissue damage. Clinically, separate measurements potentially could provide an early indication of iron toxicity and be useful in monitoring treatment by phlebotomy or with different iron-chelating agents (11) .
Storage iron within tissues influences the magnetic resonance signal by altering the local magnetic field and strongly alters the signal intensity in both transverse relaxation time (T 2 ) and effective transverse relaxation time (T 2 *) weighted images (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Ferritin and hemosiderin iron influence MRI signal decay through different mechanisms. At present, MRI methods estimate total storage iron by determination of either transverse relaxation rate (R 2 ) or effective transverse relaxatoin rate (R 2 *); no information about the partition of storage iron between ferritin and hemosiderin is provided. The relationship between R 2 * and the total storage iron concentration has been considered to be linear (27) . By contrast, the relationship between R 2 and the total storage iron concentration is curvilinear over a clinically relevant range of iron concentrations (24, 27) , a phenomenon that is incompletely understood. An alternative approach to the MR characterization of tissue iron has been developed, based on a theoretical model (29) , that uses quantitative determinations of the concentrations of dispersed and aggregated iron to measure the total storage iron. In brief, the differences in aggregation and solubility that permit physical separation of ferritin and hemosiderin iron for biochemical measurements also result in distinct MRI signal decay behaviors (29) . The signal decay caused by dispersed, soluble ferritin iron has a monoexponential form, and R 2 can be derived from monoexponential fitting to a multiple spin echo (MSE) signal. In contrast, the signal decay caused by aggregated, insoluble hemosiderin iron is nonmonoexponential and strongly dependent upon the interecho time. Fitting the model to the multiple sets of MSE data with different interecho spacings permits calculation of a "reduced relaxation rate" (RR 2 ) and an "aggregation index" (A). The ferritin and hemosiderin iron concentrations can then be estimated from RR 2 and A, respectively, and the total storage iron calculated as their sum.
Validation in vitro of this model has been reported in agarose phantoms that simulate dispersed (ferritin-like) iron with manganese chloride and aggregated (hemosiderin-like) iron with iron oxide microspheres, together with examination of a small number of subjects to demonstrate the feasibility of human studies (30) . The present study focuses on separate measurements of dispersed (ferritin-like) and aggregated (hemosiderinlike) iron in patients with transfusion-dependent thalassemia syndromes and in healthy subjects. We demonstrate that the contributions of dispersed and aggregated iron to the transverse relaxation rate (R 2 ) can be separated using the parameters RR 2 and A. Finally, the influnce of the stimulated echo (31) caused by the present MSE sequence on RR 2 and A (32, 33) , and on iron measurement are analyzed based on phantom simulations. We hypothesize that tissue iron quantification based on the two parameters, RR 2 and A, rather than the single parameter, R 2 or R 2 *, will improve estimates of total storage iron. We suggest that separate measurements of dispersed and aggregated iron may contribute to an improved understanding of the pathophysiology of iron overload, potentially provide early warning of an increased risk of iron-induced toxicity and permit rapid monitoring of treatment by phlebotomy or administration of iron-chelating agents.
MATERIALS AND METHODS

Theory
The MSE signal decay caused by ferritin iron has a monoexponential form, where R 2 may be derived from monoexponential fitting of a MSE signal. The R 2 depends linearly both on the iron concentration and the applied field (34) . In contrast, because hemosiderin iron is aggregated in insoluble clusters, the MSE signal decay caused by aggregated iron is not monoexponential and has a strong dependence on the interecho time (29) . More precisely, the nonmonoexponential decay is described approximately by the following analytic form:
The time shift, t s , is defined to be:
where S 0 is the initial signal intensity, spin echoes form at echo time (TE) ¼ 2t, 2t þ 2Dt, 2t þ 4Dt, 2t þ 6Dt, etc., A is the aggregation index, and RR 2 is the "reduced" transverse relaxation rate. The parameter A, accounting for the nonmonoexponential term, is primarily sensitive to hemosiderin iron, while the exponential factor RR 2 , incorporating the reduction in the measured R 2 , is primarily sensitive to the ferritin iron (29) . It is advantageous to set t to be less than Dt to better sample the initial part of the decay curve, especially when the iron concentration is high. Assuming that the aggregated (hemosiderin-like) iron concentration, C A , is proportional to the aggregation index A, and the dispersed (ferritin-like) iron concentration, C D , is linearly related to the ferritin iron, the total iron concentration may be estimated as:
where
and a 1 , a 2 , a 3 , are empirical calibration parameters, which can be determined from a best fit of the MRI measurements to independent estimates of the total storage iron concentration derived from biochemical analysis of biopsy specimens (35) or from biosusceptometry (1) using superconducting quantum interference device (SQUID). A unique feature of this approach is that it yields separate estimates for the ferritin-like (C D ) and hemosiderin-like (C A ) iron concentrations.
Human Subjects
Six healthy volunteers and 20 patients with transfusion-dependent thalassemia syndromes and iron overload (19 ) and do not differ significantly (36), the results of the two methods are used interchangeably.
Pulse Sequence for In Vivo MRI
All MR measurements were performed using a Philips 1.5 Tesla (T) whole body MR scanner (Philips Medical Systems, Best, The Netherlands) equipped with a fiveelement phased array cardiac coil. The scanner had a maximum gradient strength of 33 mT/m and a slew rate of 100 T/m/s. For each subject, three slices of 10 mm thickness were acquired with a matrix of 128 Â 128 within a field of view (FOV) of 37 Â 37 cm 2 and with an interslice gap of 1 mm. Each slice was acquired in a double oblique orientation to include both the heart and liver.
To estimate RR 2 and A, three CPMG-based MSE acquisitions were performed using different interecho times, with the first echo at 4 ms (2s) for all sequences. The imaging protocol includes: a 25-echo sequence with an interecho time (2Dt) of 4 ms, a 15-echo sequence with an interecho time of 8 ms (i.e., subsequent to the first 4-ms echo), and a 10-echo sequence with an interecho time of 15 ms, each with ECG triggering and respiratory navigator gating to minimize cardiac and respiratory motion artifacts. The repetition time (TR) was one heart beat, the parallel imaging SENSE factor was 1.5, the excitation pulse flip angle was 90
, and the refocusing pulse flip angle is 160 , the vendor's default MSE implementation.
The image acquisition time was approximately 176 s for each sequence.
In addition, a 17-echo multiple gradient echo (MGE) sequence was implemented for R 2 * measurement, with the first echo time occurring at 2.9 ms following the initial radiofrequency (RF) excitation, an interecho time of 0.83 ms, TR ¼ one heart beat, and excitation pulse flip angle ¼ 50
. The image acquisition time was 53 s. The MGE acquisitions were performed with ECG triggering and respiratory navigator gating.
Image Analysis
Parametric maps for A and RR 2 were calculated. For hepatic iron quantification, a region of interest (ROI) was delineated to cover the majority of liver tissue within an image slice, and was propagated along the echo dimension. The liver tissue was further separated from the blood vessels and signal void regions using a threshold-based segmentation, to avoid signal contributions from these regions. The three MSE decay data within the liver tissue were rescaled, so that the mean intensities at t ¼ 4 ms were identical, to correct for inter-scan differences in intensity scaling.
The corrections were typically a few percent of the maximum signal. The two parameters, RR 2 and A, were estimated by global fitting of the three MSE decay data to the nonmonoexponential decay model based on Eq. [ (1)]. The conventional R 2 was obtained using the MSE data with the interecho time 4 ms, and R 2 * was obtained from the MGE data, by fitting these signal decay data to the mono-exponential model. To reduce the effect of background signal on the parameter estimates, the actual functional expression consistently fit to all MSE and MGE data had the form:
where S ideal is the ideal (or unbiased) signal and r is the mean background noise (30, 37) . The fits were obtained by using the standard Levenberg-Marquardt method of least squares minimization, with four free parameters (S 0 , RR 2 , A, and r) derived from the twoparameter model fits, and with three free parameters (S 0 , R 2 , or R 2 *, and r) derived from the mono-exponential (single-parameter) model fits. The calibration parameters a 1 , a 2 , and a 3 were determined from a linear least squares fit of Eq. [(3)] to the independent total iron estimates (CT) derived from the biopsy or biosusceptometry measurements. With this calibration, MRI estimates for the total C T ;MRI À Á , dispersed C D;MRI À Á , and aggregated C A;MRI À Á iron concentrations were determined from Eqs. [ (3) (4) (5) ]. Linear calibrations between R2, R2* and iron were estimated using univariate regression. The background signal must be considered in the fitting procedure, and several techniques have been used by other investigators (14, 15, 24, 27) . In addition to assuming a noise bias as described above, we compared R 2 fitting methods proposed by other researchers with our fitting strategy to evaluate the robustness of our approach in the presence of background signals. In general, the other techniques assume either a slow decaying component (14, 24) or a constant (15, 27) added to the signal decay, representing a weak signal contributed by other sources such as bile and blood. Based on the MSE data with the interecho time of 4 ms, we estimated R 2 values with (i) the biexponential method, which uses summation of R 2 from the fast and slow decay components weighted by their population densities, and (ii) the monoexponential method, which contains the second component as a constant (27) .
Phantoms
To validate our methods, we conducted a phantom study similar to that of Ref. (30), but with different pulse sequences. Phantoms were prepared, as in Jensen et al (30) , with mixtures of various concentrations of MnCl 2 (0 to 0.675 mM) and iron oxide microspheres (0 to 0.1 mg Fe/mL), to mimic, respectively, the relaxation effects of ferritin and hemosiderin iron found in iron-loaded liver. The iron oxide microspheres were composed of magnetite nanoparticles (UM3CN/5737, Bangs Laboratories, Fishers, Indiana), with a mean radius of 2.9 mm and an average of 4.4 Â 10 À9 mg Fe/particle. A total of 36 cylindrical sample bottles (1.5 cm in diameter and 15 cm 3 in volume) were prepared with concentrations
suspended in 2% agarose gel and immersed in a $50 mM MnCl 2 aqueous solution bath. The MnCl 2 was added to the bath both to suppress the bath signal (which could contaminate the sample signal due to artifacts) and to reduce magnetic field inhomogeneities.
The phantom images were acquired using the same MSE sequence designed for the liver study. Six bottles were imaged simultaneously during each scan. Because the molecular weight of Mn (54.9) is close to Fe (55.8), the "total iron" concentration (C T ) was simply the sum of the Mn (C D ) and the microsphere iron (C A ) concentrations.
Finally, stimulated echoes may occur for MSE sequences with inaccurate RF pulse flip angles and imperfect slice selection profile (31) . To minimize these, an optimized MSE sequence was implemented on the same MR system with an increased slice selection thickness for the refocusing pulses (19, 30, 32, 33) . While the in vivo iron measurement was based on the vendor's default (nonoptimized) MSE sequence, we evaluated our method on phantoms with both nonoptimized and optimized MSE sequence to assess potential systematic effects. Figure 1 demonstrates the three sets of MSE signal decay in phantoms that contain Mn only (0.015 mg Mn/mL) and that contain both Mn and Fe (0.015 mg Mn/mL, 0.06 mg/mL). As can be seen, the MSE signal decay in phantoms with no microspheres (C A ¼ 0) was independent of the interecho time. With microspheres present, the signal decay, in contrast, depended strongly on the interecho time. Solid lines are the global fits for the multiple decay curves.
RESULTS
MRI Iron Measurement for Aqueous Phantoms
The solvent of the microspheres, which is in proportion to the iron concentration, was found to influence MRI signal decay, with a net R 2 effect of 133.0 6 4 s À1 /(mg Fe/g) estimated as discussed in a previous study (30) . To minimize the solvent's influence on the phantom results, the phantom R 2 and RR 2 values were corrected by subtracting out this net R 2 effect.
We noticed that in the present study, the estimated relaxivity of the MnCl 2 phantom was approximately 59.1 s À1 /mM at 1.5T, which is lower than the published values of 74.2 s À1 /mM measured with a single spin echo sequence (22) and 71.4 s À1 /mM measured with the MSE sequence (38) . We believe this underestimation to be mainly due to stimulated echoes introduced by the imperfect slice selection profile and reduced refocusing RF pulse flip angle (19, (30) (31) (32) (33) . When the refocusing slice thickness is increased by an empirically determined factor of three, the relaxivity then becomes consistent with the literature values.
The in vivo image data in the present study were acquired using the vendor-supplied, nonoptimized MSE sequence, i.e., without increasing the slice selection thickness for the refocusing RF pulses. This difference prompted investigation of the relationship between RR 2 and A values derived from the present and optimized MSE sequences (32, 33) . A linear regression analysis (r ¼ 0.99) verified that the stimulated echo effects contributed to an underestimation of RR 2 ( Fig. 2a) and an overestimation of A (Fig. 2b) . The relationship between the measurements made with the vendor-supplied and optimized MSE sequences appears to be linear, suppoprting the feasibility of calibrating RR 2 and A (as measured with the vendorsupplied sequence) for total and compositional iron quantifications. A least squares fit of Eq. [(3)] to the full set of phantom results yields the calibration parameters In Vivo MRI Liver Iron Measurement Figure 4 demonstrates the compositional iron concentration maps in a healthy (Fig. 4a) and an iron overloaded liver (Fig. 4d) . The liver ROI template is indicated by red arrow. The mean RR 2 and A from the six healthy subjects were 20.8 6 4.0 s À1 and 0.0029 6 0.0020 ms 3/2 , respectively, representing the normal range of relaxation values, with an assumed total storage iron concentration of 0.15 mg Fe/g wet weight.
A least squares fit of Eq. [(3)] to the total storage iron concentration determined by biopsy or biosusceptometry measurements (n ¼ 20) yielded the calibration parameters:
The ferritin ( Fig. 4b and 4e ) and hemosiderin ( Fig.  4c and 4f ) maps were calculated based on Eqs. [(4)] and [(5)] using the two-parameter (RR 2 , A) method. The total storage iron concentration map (sum of the ferritin and hemosiderin) is shown in Figure 4g .
The total iron concentration calculated based on the R 2 and R 2 * are demonstrated in Figure 4h and 4i, respectively, for the iron overload liver. The linear calibrations are: 
There were only traces of hemosiderin iron in normal liver as can be seen from the fact that varying the interecho time had little to no effect on the signal decay (Fig. 5) . In the iron-loaded liver tissue, elevated ferritin and hemosiderin iron are evident. The signal decay depends strongly on the interecho time (Fig. 5) . The total iron in this specfic iron overload liver estimated by R 2 * (5.1 mg Fe/g) is greater than that from the two-parameter (RR 2 , A) method, from R 2 , and from biopsy, or 2.6, 1.9, and 2.4 mg Fe/g wet weight, respectively.
Total storage iron, ferritin-and hemosiderin-like iron concentrations in liver ROI were calculated for all subjects. The mean total storage iron estimated by (RR 2 , A) and biopsy/biosusceptometry are 3.26 6 2.25 and 3.34 6 2.32 mg Fe/g, respectively, for the 20 patients. The mean total iron estimated by (RR 2 , A) for normal subjects is 1.04 6 0.22 mg Fe/g. As shown in Figure 6a , a strong correlation (r ¼ 0.95) was found between the total iron measured by (RR 2 , A) and that determined by biopsy or biosusceptometry. Strong correlations were also found between the R 2 -based iron measurements and the true iron concentrations (r ¼ 0.88). In contrast, the R 2 *-based iron measurements were saturated for high iron overload cases (> 5 mg Fe/g), due to significant signal drop out at the earliest echo, and showed weak correlation with the true iron concentrations (r ¼ 0.36). However, if these high overload cases are excluded, the correlation increases (r ¼ 0.80) (data not shown). Figure 6b shows the fractional hemosiderin iron concentration as a function of the biopsy and biosusceptometry derived total iron concentration, suggesting that the proportion of the total storage iron existing as hemosiderin grows as the total iron concentration increases, which is consistent with the results of the previous study (30) .
Comparison of R 2 and RR 2 Measurements in Phantoms
The aggregation index A is independent of the Mn concentrations (30) , and as shown in Figure 2b , proportional to the microsphere iron concentration. The dependencies of R 2 and RR 2 on the microsphere iron concentration can be indirectly represented by their relationships with A (Fig. 7a) . There is no correlation between RR 2 and A (r ¼ 0.06).
There are two sources of relaxations contributing to R 2 , that from the MnCl 2 , a diffuse, soluble component, R 2_Mn , and that from the iron oxide microspheres, an aggregate, insoluble component, R 2_IO , and one may plausibly write
The dependency of R 2 on A (r ¼ 0.63) was used to analyze the two R 2 components. By subtracting the RR 2 from R 2 , a linear curve fitting
was found to best represent the dependency part of R 2 on A, and can be used to estimate the R 2_IO component in R 2 . The R 2_Mn can be estimated by simply subtracting the R 2_IO from R 2 .
As shown in Figure 7b , the R 2 values (circles) are loosely distributed due to the presence of microspheres that affect R 2 but not RR 2 . High correlations (r ¼ 0.99) and excellent agreement were found between the R 2_Mn and RR 2 (dots), indicating that the RR 2 relaxation rate is mainly associated with the MnCl 2 , thus equivalent to the soluble component of R 2 , the R 2_Mn .
Comparison of R 2 and RR 2 Measurements in Liver
Similarly, for iron overload liver, there are two sources of relaxations contributing to R 2 , that from the ferritin, R 2_F , and that from the hemosiderin, R 2_H , and thus
The dependencies of R 2 and RR 2 on the hemosiderin iron concentrations can be estimated by their relationships with A (Fig. 7c) . Little correlation was found between RR 2 and A (r ¼ 0.17), suggesting that the relaxation rates derived from the two forms of signal decay are independent for the iron overloaded liver. The dependent part of R 2 on A (r ¼ 0.82), which is associated with the hemosiderin iron and may be estimated from the linear fit R 2_H ¼ 0.23 ms 1/2 Â A, was subtracted from the R 2 to calculate the R 2_F component.
The comparisons between R 2 versus RR 2 and R 2_F versus RR 2 are demonstrated in Figure 7d . As expected, the R 2 values (circles) are loosely correlated with RR 2 values (r ¼ 0.41). There are two outliers of R 2 values indicated by an arrow, representing two high hepatic iron overload cases, in which the proportions of storage iron in the hemosiderin form are approximately 95%. Nevertheless, with the subtraction of R 2_H , excellent correlations were found between the R 2_F and RR 2 (dots) values (r ¼ 0.99), confirming that the RR 2 relaxation rate is mainly associated with the ferritin iron, and is equivalent to the R 2_F component in R 2 .
Comparison of R 2 Measurements Using Different Fitting Procedures
Finally, strong correlations were found between the present R 2 estimates assuming a noise level as a fitting parameter in Eq. [(6)] and bi-exponential R 2 measurements (r ¼ 0.99) (14) , and between the present and the mono-exponential R 2 measurements assuming a constant bias component (r ¼ 0.99) (27) , which confirmed the robustness of our fitting strategy in the presence of background signal and noise bias, and verified the improvement of the total iron measurement using the two parameters (RR 2 , A) derived from the same fitting strategy.
DISCUSSION
The proposed MRI method allows for the separate quantification of diffuse (ferritin-like) and aggregated (hemosiderin-like) storage iron in liver. The present two-parameter (RR 2 , A) model, the modified MSE sequences that contain three different interecho times, and the parallel imaging and motion suppression gating system provided high quality images yielding accurate estimates of total as well as compositional (ferritin-and hemosiderin-like) iron concentrations in the liver. The validity and feasibility of the two-parameter method is supported by both phantom and in vivo human data in the present study. Consistent with the results in Jensen et al (30) and Zuyderhoudt et al (39) , the proportion of hepatic iron stored as ferritin, as determined by the two-parameter method, decreases as the total storage iron concentrations increase. The resulting MRI total hepatic iron measurement was highly correlated with iron concentration estimated from the biopsy or biosusceptometry methods. The ability to separately measure ferritin and hemosiderin iron may be clinically useful to evaluate patients with iron overload and to monitor the results of treatment with phlebotomy or chelation with higher specificity and sensitivity. Note that the calibration parameters for phantoms are substantially smaller in magnitude than that for the livers, due to the fact that ferritin and hemosiderin are less efficient than MnCl 2 and iron oxide microspheres in causing MRI signal decay. Therefore, the range of the absolute concentrations used in the phantoms is smaller than that of the iron overloaded livers, although the magnetic and relaxation effects are similar.
The established MRI iron quantification methods (12) (13) (14) (15) (17) (18) (19) (22) (23) (24) 27, 28) provide total iron estimates, but do not separately determine ferritin iron levels in patients with iron overload, for which ferritin may constitute only a fraction of the total iron concentration. In our phantom study, varying the proportion of Mn and microspheres in phantom mixtures of different C T may yield the same estimates for total iron using the single-parameter (R 2 and R 2 *) approach. The variability in the relative fraction of iron in dispersed ferritin and clustered hemosiderin may explain, at least in part, the curvilinear relationship between R 2 and liver iron concentration in St Pierre et al (24) . Compared with the present two-parameter method, the single-parameter methods were less strongly correlated with the total iron concentration.
It should be noted that the two R 2 components, R 2_F and R 2_H , can be determined empirically by removing the dependencies of R 2 on the parameter A using the two-parameter method. The RR 2 correlated excellently with the R 2_F , indicating that it is mainly associated with the dispersed iron. This is validated by the phantom study, which further confirmed the capability of the two-parameter method to separately measure the two forms of storage iron, ferritin and hemosiderin, using the RR 2 and A parameters. The conventional R 2 depends strongly on the interecho time when hemosiderin iron is presented, and it alone is not able to quantifty the ferritin and hemosiderin iron separately.
Motion artifacts, noise bias, slowly varying components from blood and bile, and partial volume effects can contribute to nonmonoexponential signal decay and are, therefore, potential confounding factors for our two-parameter method. ECG triggering and respiratory navigator gating can be used to effectively correct for the cardiac and respiratory motion. Recently, a breathhold multi-echo fast spin-echo (FSE) strategy (40) was proposed for measurement of R 2 in the liver and heart, which reduced imaging time to a breathhold duration of approximately 20 s. When calculating iron concentration in liver, the blood vessels can be excluded based on their image intensity in the MSE images. Overall, an advantage of the present MSE acquisition strategy with multiple interecho times is that it helps mitigate the confounding effects caused by the background noise and slowly decaying components, due to the specific interecho time dependency predicted by Eq. [(1)]. The background noise defined in the two-parameter model also reduces the estimation error. Moreover, the shifted MSE acquisition allows the first echoes to be acquired at the same time, so that the signal decay from different acquisitions can be sampled at shorter times and scaled consistently to correct for the longitudinal magnetization recovery variations or intra-scan differences, minimizing the estimation error for the relaxation parameters. As a result, the total iron quantified by the present two-parameter model showed the best correlation with the true iron concentration in both phantom and human studies in vivo.
In our study, the global fitting to estimate the four parameters (S 0 , RR 2 , A, and r), and the monoexponential fitting to estimate the three parameters (S 0 , R 2 /R 2 *, and r) are robust and rapid. There is no strict requirement for initial parameter estimates. The fitting and estimates can be applied to signal decay in ROI within an iron-loaded tissue, or on a pixel-bypixel basis to map the relaxation parameters. Image acquisition with higher spatial resolution can be implemented for measuring iron concentration in small tissues or organs.
The stimulated echo effects introduced by the imperfect slice selection profile and inaccurate RF pulse flip angle, based on the vendor's default MSE implementation, resulted in an underestimation of RR 2 , and an overestimation of A. Regardless of the sources of the stimulated echoes, their effects on the estimation of RR 2 and A can be calibrated to permit accurate quantification of total as well as compositional (ferritin-and hemosiderin-like) iron concentrations. This feature demonstrates the feasibility of applying the two-parameter method in clinical settings having either the standard (default) or optimized MSE sequences. However, the variations in calibration parameters should be expected due to the variations of RR 2 and A estimated using different scanners and sequences (30) . Nonetheless, although the two-parameter method appears to be robust with respect to the stimulated echo effects, the refocusing slice thickness and RF pulse flip angle should be consistent throughout a single study, and MSE sequences with minimal stimulated echo effects should be implemented across scanners for accurate R 2 -based iron quantification.
In conclusion, we report MRI measurement of dispersed (ferritin-like) and aggregated (hemosiderin-like) hepatic storage iron in patients with transfusional iron overload. This method may provide important new information about the partition of storage iron between ferritin and hemosiderin in other forms of iron overload, and could potentially improve the accuracy of conventional single-parameter (R 2 or R 2 *) techniques for hepatic iron quantification in vivo. MRI detection of increases in ferritin iron could potentially provide a noninvasive early indicator of expansion of the cytosolic iron pool leading to an elevated risk of iron-induced tissue toxicity in the liver, heart, and other tissues. Finally, MRI measurement of ferritin iron may offer a means to rapidly monitor the effects of treatment of iron overload by phlebotomy or administration of iron-chelating agents.
